Introduction {#s0001}
============

Diabetic nephropathy (DN) is one of the most serious microvascular complications of diabetes mellitus (DM) and a common cause of end-stage renal disease (ESRD).[@cit0001] Data show that about 40% of patients with DM have varying degrees of DN, and \~25% of them will progress to uremia.[@cit0001],[@cit0002] Currently, DN is considered as a chronic inflammatory disease caused by various metabolic disorders. Therefore, inflammation plays a pivotal role in the development and progression of DN.[@cit0003] Notably, previous studies have identified that inhibiting inflammation can protect the kidneys during DN and that p38/NF-κB is usually found to be involved in the regulation of inflammation.[@cit0004],[@cit0005] Wagner et al found that beraprost sodium was protective against DN by inhibiting the inflammation of kidney tissues in high-fat diet/streptozotocin-induced diabetic rats. Moreover, the molecular mechanism of protection was potentially related to the inhibition of the p38-MAPK signaling pathway;[@cit0004] Zhang et al found that oridonin could not only improve renal function in DN rats, but could also inhibit the proliferation of mesangial cells. Again, the molecular mechanisms underlying this were found to be the suppression of inflammation via inhibition of the p38/NF-κB pathway.[@cit0005] Therefore, the identification of drugs that can protect against kidney damage and limit inflammation in DN is of vital importance.

Hirudin (HIR) is an active ingredient extracted from the salivary glands of leeches. It is a small protein composed of 65--66 amino acids and has been found to be the strongest natural specific inhibitor of thrombin discovered to date.[@cit0006],[@cit0007] Interestingly, previous studies have found that HIR can exert anti-inflammatory effects via modulation of the p38/NF-κB pathway.[@cit0008],[@cit0009] Liu et al found that hirudin could significantly enhance flap viability and reduce inflammatory responses compared with a control group. This was achieved by inhibiting the expression of p-p38/p38, p-NF-κB p65/NF-κB p65, TNF-α, IL-6, and ICAM-1 levels.[@cit0008] Additionally, hirudin was also found to inhibit the proliferation of human gliomas by blocking the ERK/MAPK pathway. However, we know very little about the ability of HIR to protect against inflammatory injury of the kidneys in DN. In the present study, we aimed to study the effect of HIR on ameliorating kidney damage and inhibiting inflammation via a p38/NF-κB pathway in a DN rat model.

Materials and Methods {#s0002}
=====================

Experimental Animal and Grouping {#s0002-s2001}
--------------------------------

Here, we used 28 Sprague Dawley rats (half of which were male, 6−8 weeks old, 180--220 g) to conduct the animal tests. The 28 rats were divided into four groups with seven rats per group as follows: Control group, Control + HIR group, DN group, and DN + HIR group. Rats in the DN and DN + HIR groups were injected intraperitoneally with 100 mg/kg streptozotocin (STZ) (cat\# 572,201, Sigma, USA)[@cit0010] and rats in the Control and Control + HIR groups were injected intraperitoneally with the same amount of saline buffer. Three days after STZ injection, we measured blood glucose via the tail vein and rats with blood glucose of \>16.7 mmol/L were considered DN rats. Rats in the Control + HIR and DN + HIR groups were subcutaneously injected with 5 U of hirudin[@cit0011] (cat\# 94,581, Sigma, USA) daily for 8 weeks. Rats in the Control and DN groups were subcutaneously injected with the same amount of saline buffer.

The animal experiments in this study were approved and supervised by the Animal Care and Use Committee in Henan Provincial Hospital of Traditional Chinese Medicine and were conducted according to the guidelines of the National Institution of Health.

The Quantification of Biochemical Markers {#s0002-s2002}
-----------------------------------------

Eight weeks after treating with HIR, we harvested blood from the orbital venous plexus and centrifuged the blood to collect serum. We also harvested all urine for 24 hours. Serum glucose, serum creatinine, blood urea nitrogen, and 24-hour urine protein were quantified using a blood glucose meter (Bayer, Germany), SCR enzyme-linked immunosorbent assay (ELISA) kit (cat\# YS04392B, YaJi Biological, China), BUN ELISA kit (cat\# C013-2, YaJi Biological, China) and protein concentration assay kit (cat\# K812-1000, AmyJet, China), respectively.

Histological Analysis of Kidney Sections {#s0002-s2003}
----------------------------------------

We euthanized the rats by cervical dislocation and confirmed death in the rats by observing respiration and heartbeat. We harvested the kidney tissue of the rats and prepared 5-μm histological sections as described previously.[@cit0012] For hematoxylin and eosin (H&E) staining, frozen slices of rat kidney were slightly dried, stained with hematoxylin for 3 min, eosin for 10 seconds, dehydrated and sealed with neutral gum. For immunochemistry analysis, primary anti-CD68 (cat\# 97,778, Cell Signaling Technology, USA) was incubated overnight at 4°C, and the second antibody (cat\# 18,653, Cell Signaling Technology, USA) was incubated for 1 hour at room temperature. To quantify apoptosis, a TUNEL assay kit (cat\# 11,966,006,001, Merck-Calbiochem, USA) was used as per the manufacturer's instructions. Image J 3.0 (IBM, USA) was used to analyze the glomerular area and quantify the number CD68 positive and apoptotic cells.

RT-qPCR Analysis {#s0002-s2004}
----------------

We used an animal tissue/cell RNA extraction kit (cat\# CW0580S, NuoYang Biological, China) to extract total RNA from tissues and cells according to manufacturer's instructions. cDNA was prepared using a real-time (RT) reagent kit (cat\# RR047A, Takara, Japan) according to manufacturer's instructions. We prepared 20 μL of the RT-qPCR system as described in the quantitative polymerase chain reaction (qPCR) master mix kit instructions (cat\# A600A, Promega, USA). The relative expression of genes was calculated by the 2^--ΔΔCt^ method, and β-actin was used as a loading control. The primers for qPCR are shown in [Table 1](#t0001){ref-type="table"}.Table 1Sequence of qPCR PrimersGeneSequence (5ʹ--3ʹ)*TNF-α*Forward: GTAGCCAATGGGACGTGGAAReverse: TCCAGTGAGTTCCGAAAGCC*IL-1β*Forward: GCAACCAGAGCACCCACTTAReverse: AGTCCCATATCCCTTCCCGT*IL-6*Forward: CACTTCACAAGTCGGAGGCTReverse: ACATTGGGCCGTCATCACTT*iNOS*Forward: GTTCTCAGCCCAACAATACAAGAReverse: GTGGACGGGTCGATGTCAC*CD206*Forward: AAAACTGACTGGGCTTCCGTReverse: CCTCTCGAGCACAGGTCATC*β-actin*Forward: CCTAGGCACCAGGTAAGTGAReverse: GGTGTGGTGCCAGATCTTCT

Cytokine ELISAs {#s0002-s2005}
---------------

The concentration of cytokines in tissue homogenates or cell culture medium was quantified via ELISA. For tissues, we added pre-chilled homogenate buffer solution (0.01 mol/L Tris--HCl, 0.1 mmol/L EDTA-2Na, 0.01 mol/L) to 1 g of tissue and used a homogenizer to obtain tissue homogenate. Homogenates were centrifuged (1500 x *g*, 15 minutes, 4°C) to collect supernatant for detection of cytokine concentrations. To detect cytokine concentrations in cell culture medium, we directly centrifuged the supernatant (1500 x *g*, 15 minutes, 4°C). The following ELISA kits were used for tissues: TNF-α (cat\# K1052-100, AmyJet, China), IL-1β (cat\# E-EL-R0012c, Elabscience, USA), and IL-6 (cat\#ab119548, Abcam, UK); or for cell culture medium: TNF-α (cat\# 208,348, Abcam, UK), IL-1β (cat\# ab100705, Abcam, USA) and IL-6 (cat\# ab10073, Abcam, UK).

Quantification of Apoptosis {#s0002-s2006}
---------------------------

Immortal podocytes (mouse) established by Professor Peter Mundel (Albert Einstein College of Medicine, New York, USA) and primary peritoneal macrophages were prepared and cultured according to previously described methods.[@cit0013] In this study, cells were cultured with low glucose (1 g/L) Dulbecco\'s Modified Eagle Medium (DMEM) (cat\# 10,567,022, Gibco, USA) supplemented with 10% fetal bovine serum (FBS) (cat\# 16,140,071, Gibco, USA) at 37°C with 5% CO~2~, which was defined as a normal-glucose (NG) environment. A high-glucose (HG) environment was defined by the addition of 3 g/L glucose to NG medium.[@cit0014] In a macrophage/podocyte co-culture system, we seeded 2 x 10^5^ podocytes in the lower chamber of a polycarbonate insert cell culture device. We seeded 0 (HG group), 2 x 10^5^ (HG + 1M group), 4 x 10^5^ (HG + 2M group), or 8 x 10^5^ (HG + 4M group) macrophages in the upper chamber and cultured for 48 hours. To analyze HIR treatment, we added 5 U/mL HIR to the HG group (HG + HIR group) and added 5 U/mL HIR to the HG + 4M group (HG + 4M + HIR group). In a culture of podocytes alone, 1 x 10^5^ podocytes were seeded in a six-well culture dish. After 24 hours, we changed the cell culture medium to a HG medium and administered drugs (5 U/mL HIR, 5 μmol/L BAY117082[@cit0015] or 20 μmol/L SB203580[@cit0016]) for 48 hours. Finally, cells were harvested to detect apoptosis using an Annexin V-FITC/PI Apoptosis Detection Kit (cat\# 40302ES20, Yeasen, China) according to the manufacturer's instructions.

Western Blot {#s0002-s2007}
------------

Total protein was extracted from tissues and cells using a total protein extraction kit (cat\# AMJ-KT0007, AmyJet, China) and proteins were quantified using a BCA kit (cat\# KTD3001, AmyJet, China). Next, 50 μg total protein was separated on a 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) gel as described previously.[@cit0017] In brief, after blocking with a 5% milk solution for 1 hour at room temperature, the primary antibodies (all Abcam, UK) to iNOS (cat\# ab15232), CD206 (cat\# ab8918), p38 (cat\# ab170099), p-p38 (cat\# 47,363), p65 (cat\# 16,502), and p-p65 (cat\# 86,299) were incubated overnight at 4°C. The secondary antibodies (cat\# 6721 and \# ab6789, Abcam, UK) were incubated for 1 hour at room temperature. We used Image J v3.0 (IBM, USA) to analyze the gray value and β-actin was used as a loading control.

Statistical Analysis {#s0002-s2008}
--------------------

Data in the present study were analyzed by Graphpad prism v8.3.0. *P* values were calculated by Student's *t*-test when only comparing two groups. For multiple groups, the *P* value was calculated by one-way analysis of variance (ANOVA) with Tukey post-hoc test. *P* \< 0.05 indicated a significant difference.

Results {#s0003}
=======

HIR Improved Renal Function and Reduced Renal Pathological Changes {#s0003-s2001}
------------------------------------------------------------------

In this study, we established a DN rat model by intraperitoneal injection of STZ and assessed the productive effects of subcutaneous HIR injections. After 8 weeks of treatment with HIR, we weighed the rats, harvested their blood, and collected their urine for 24 hours before they were euthanized. Compared with the rats in the control group, the average bodyweight of rats in the DN group was significantly lower and the serum glucose was significantly higher ([Figure 1A](#f0001){ref-type="fig"} and [B](#f0001){ref-type="fig"}). Notably, following an 8-week treatment with HIR, the weights of DN rats were significantly increased and the serum glucose of DN rats was significantly decreased. Investigating renal biochemical markers, we noted that the ratio of kidney weight/body weight, serum creatinine, blood urea nitrogen, and proteins in the urine of rats in the DN group were all significantly higher compared to the control group ([Figure 1C](#f0001){ref-type="fig"}--[F](#f0001){ref-type="fig"}). Notably, HIR treatment could significantly reduce these elevated renal biochemical markers in DN rats.Figure 1Effect of HIR on kidney biochemical markers in DN rats. (**A**--**F**) Body weight (**A**), serum glucose (**B**), kidney weight/body weight (**C**), serum creatinine (**D**), blood urea nitrogen (**E**), and 24-hour urine protein (**F**) were measured and compared in different group. Seven rats per group. \*Indicates *P* \< 0.05 and \*\*\*indicates *P* \< 0.001 vs control group; ns indicates no significance, ^\#^indicates *P* \< 0.05, ^\#\#^indicates *P* \< 0.01 and ^\#\#\#^indicates *P* \< 0.001 vs DN group.

Additionally, we assessed differences in the renal pathology between groups using H&E staining ([Figure 2A](#f0002){ref-type="fig"},[B](#f0001){ref-type="fig"}). The rats in the DN group displayed glomerular bulging, mesangial cell proliferation, mesangial thickening, and small renal capsule sac cavity, but these pathological changes were significantly reduced in DN rats treated with HIR ([Figure 2C](#f0002){ref-type="fig"},[D](#f0001){ref-type="fig"}). Quantitative histopathology showed that the glomerular area of rats in the DN group was significantly greater compared to the control group and HIR could significantly reduce this elevated glomerular area in DN rats ([Figure 2E](#f0002){ref-type="fig"}).Figure 2Effect of HIR on renal pathological changes in DN rats. (**A**--**E**) H&E staining was used to assess the changes of renal pathological in rat of control (**A**), control + HIR (**B**), DN (**C**), and DN + HIR (**D**) groups, and glomerular area was also detected and compared in different groups (**E**). Seven rats per group and each rat measures at least 10 glomeruli area. \*\*\*Indicates *P* \< 0.001 vs control group, and ^\#\#\#^indicates *P* \< 0.001 vs DN group.

HIR Reduced Macrophage Infiltration into Renal Tissues {#s0003-s2002}
------------------------------------------------------

Macrophage infiltration is a hallmark of pathology in the early stages of DN and one of the main causes of renal damage.[@cit0018] We detected CD68 expression in kidney tissue by immunohistochemistry to indicate the quantity of macrophage infiltration and found that there was negligible macrophage infiltration in the glomeruli of normal rats ([Figure 3A](#f0003){ref-type="fig"},[B](#f0003){ref-type="fig"}). Conversely, macrophage infiltration was identified in all glomeruli in DN rats ([Figure 3C](#f0003){ref-type="fig"},[D](#f0003){ref-type="fig"}). Moreover, the number of CD68^+^ cells in rats in the DN group were significantly higher than the control group and the number of CD68^+^ cells in DN rats significantly decreased after treatment with HIR ([Figure 3E](#f0003){ref-type="fig"}).Figure 3Effect of HIR on macrophage infiltration in glomerulus of DN rats. (**A**--**E**) CD68 protein was detected in glomerulus of control (**A**), control + HIR (**B**), DN (**C**), and DN + HIR (**D**) groups, and CD68+ positive cells were quantified (**E**). Seven rats per group and 10 visual fields for each slice for statistics. \*\*\*Indicates *P* \< 0.001 vs control group, and ^\#\#\#^indicates *P* \< 0.001 vs DN group.

HIR Inhibited Proinflammatory Cytokine Expression in Renal Tissues {#s0003-s2003}
------------------------------------------------------------------

Macrophages are not only recruited by proinflammatory cytokines, they also secrete proinflammatory cytokines. We harvested the renal tissues and detected the expression of proinflammatory cytokines in DN rats after treatment with HIR and found that the expression of TNF-α, IL-1β, and IL-6 mRNA in the renal tissues of rats in the DN group were all significantly higher than those in the control group ([Figure 4A](#f0004){ref-type="fig"}--[C](#f0004){ref-type="fig"}). HIR treatment could significantly reduce the elevated mRNA expression of proinflammatory cytokines in renal tissues of DN rats. Similarly, the protein concentrations of pro-inflammatory cytokines were quantified by ELISA. We found that TNF-α, IL-1β, and IL-6 protein in renal tissues of rats in the DN group were also all significantly higher than in rats in the control group ([Figure 4D](#f0004){ref-type="fig"}--[F](#f0004){ref-type="fig"}). HIR could significantly reduce the elevated production of these pro-inflammatory cytokines in the renal tissues of DN rats.Figure 4Effect of HIR on production of pro-inflammatory cytokines in renal tissues. (**A**--**C**) qPCR analysis of the indicated TNF-α (**A**), IL-1β (**B**), and IL-6 (**C**) mRNA in renal tissues of rats; (**D**--**F**) ELISA assay of the indicated TNF-α (**D**), IL-1β (**E**), and IL-6 (**F**) protein in renal tissues of rats. Seven rats per group. \*Indicates *P* \< 0.05 and \*\*\*indicates *P* \< 0.001 vs control group; ^\#^indicates *P* \< 0.05 and ^\#\#\#^indicates *P* \< 0.001 vs DN group.

HIR Reduced Apoptosis in Renal Tissues {#s0003-s2004}
--------------------------------------

Podocyte apoptosis occurs in the early stages of DN and has been shown to be positively correlated with proteinuria and the decrease in renal function observed in patients with DN.[@cit0019],[@cit0020] Therefore, apoptosis was quantified in renal tissues using TUNEL staining. We found that there was negligible apoptosis in the glomeruli of control rats ([Figure 5A](#f0005){ref-type="fig"},[B](#f0005){ref-type="fig"}). Conversely, high numbers of apoptotic cells were identified in all glomeruli in DN rats ([Figure 5C](#f0005){ref-type="fig"},[D](#f0005){ref-type="fig"}). The number of apoptotic cells in rats of the DN group was significantly higher than in rats in the control group. Moreover, the numbers of apoptotic cells in DN rats significantly decreased following treatment with HIR ([Figure 5E](#f0005){ref-type="fig"}).Figure 5Effect of HIR on apoptosis in renal tissues. (**A**--**E**), TUNEL staining was used to detected the apoptotic cells in renal tissues of control (**A**), control + HIR (**B**), DN (**C**), and DN + HIR (**D**) group, and TUNEL positive cells were quantified (**E**). Seven rats per group and 10 visual fields for each slice for statistics. \*\*\*Indicates *P* \< 0.001 vs control group, and ^\#\#\#^indicates *P* \< 0.001 vs DN group.

HIR Reduced Podocyte Apoptosis When Co-Cultured with Macrophages in a High-Glucose Environment {#s0003-s2005}
----------------------------------------------------------------------------------------------

To investigate the effect of macrophage infiltration on podocyte apoptosis in DN rats, we established a macrophage/podocyte co-culture system in a high-glucose (HG) environment. First, we found that the expression of iNOS mRNA in macrophages in an HG environment was significantly higher than macrophages in an NG environment, while CD206 mRNA was significantly lower ([Figure 6A](#f0006){ref-type="fig"}). The same trend was also found for the protein expression of iNOS and CD206 ([Figure 6B](#f0006){ref-type="fig"}). Moreover, compared with the NG environment, HG increased the expression of TNF-α, IL-1β, and IL-6 mRNA ([Figure 6C](#f0006){ref-type="fig"}). The apoptosis of podocytes significantly increased in a macrophage/podocyte co-culture system compared to podocytes alone in an HG environment ([Figure 6D](#f0006){ref-type="fig"}). Importantly, HIR could significantly inhibit the apoptosis of podocytes in HG. We also identified that the proportion of podocyte apoptosis was directly related to the number of macrophages in the macrophage/podocyte co-culture system, that is, the greater number of macrophages, the greater number of apoptotic podocytes ([Figure 6D](#f0006){ref-type="fig"}). However, HIR could also reduce HG-induced podocyte apoptosis in a macrophage/podocyte co-culture system ([Figure 6D](#f0006){ref-type="fig"}).Figure 6Effect of HIR on the apoptosis of podocytes co-cultured with macrophages in a high-glucose environment. (**A**) qPCR analysis of the indicated iNOS and CD206 mRNA in macrophages; (**B**) Western blot was used to detect the expression of iNOS and CD206 protein in macrophages; (**C**) HG induced increased expression of TNF-α, IL-1β, and IL-6 in macrophages; (**D**) apoptotic podocytes were quantified and compared. 1M, 2M, and 3M indicate the ratio of macrophages to podocytes is 1, 2, and 4, respectively. When comparing between two groups, \*\*\*indicates *P* \< 0.001.**Abbreviations:** NG, normal glucose; HG, high glucose.

HIR Suppressed Pro-Inflammatory Cytokine Expression in Podocytes {#s0003-s2006}
----------------------------------------------------------------

Initially, we found that the expression of TNF-α, IL-1β, and IL-6 mRNA and protein in podocytes was significantly increased in HG conditions and HIR could significantly reduce the production of these elevated pro-inflammatory cytokines ([Figure 7](#f0007){ref-type="fig"}). In order to explore the molecular mechanism underlying the anti-inflammatory effects of HIR, we used two compounds, SB203580 (an inhibitor of the p38 pathway) and BAY117085 (an inhibitor of NF-κB). We found that treatment with SB203580 or BAY117085 alone could also reduce the expression of HG-induced TNF-α, IL-1β, and IL-6 in podocytes, but their ability to inhibit these cytokines was lower compared to HIR. However, the combined treatment of SB203580 and BAY117085 could exert the same inhibitory effect on HG-induced expression of TNF-α, IL-1β, and IL-6 in podocytes compared to HIR.Figure 7Effect of HIR on production of pro-inflammatory cytokines in podocytes. (**A**--**C**) qPCR analysis of the indicated TNF-α (**A**), IL-1β (**B**), and IL-6 (**C**) mRNA in podocytes; (**D, F**) ELISA assay of the indicated TNF-α (**D**), IL-1β (**E**), and IL-6 (**F**) protein in podocytes. Three independent replicates. When comparing between two groups, ns indicates no significance, \*indicates *P* \< 0.05, \*\*indicates *P* \< 0.01 and \*\*\*indicates *P* \< 0.001.

HIR Inhibited p38 Pathway and NF-κB Activation in Renal Tissues and Podocytes {#s0003-s2007}
-----------------------------------------------------------------------------

First, we found that the expression of p-p38/p38, and p-p65/p65 proteins in the renal tissues of rats in the DN group were all significantly higher than those in rats in the control group. Notably, HIR could significantly reduce the expression of p-p38/p38 and p-p65/p65 protein in renal tissues of DN rats ([Figure 8](#f0008){ref-type="fig"}). In vitro, HG also induced the elevated expression of p-p38/p38 and p-p65/p65 protein in podocytes and HIR could significantly inhibit the expression of these proteins ([Figure 9A](#f0009){ref-type="fig"}). Importantly, HIR could exert the same inhibitory effect on HG-induced expression of p-p38/p38 and p-p65/p65 protein in podocytes as SB203580 and BAY117085, respectively ([Figure 9B](#f0009){ref-type="fig"},[C](#f0009){ref-type="fig"}).Figure 8Effect of HIR on p38/NF-κB pathway in renal tissues. (**A, B**) Representative protein bands of p38, p-p38, p65, and p-p65 (**A**), and statistical comparison of gray values (**B**). Seven rats per group. \*\*\*Indicates *P* \< 0.001 vs control group, and ^\#\#\#^indicates *P* \< 0.001 vs DN group.Figure 9Expression of key proteins on p38/NF-kB pathway in podocytes. (**A, B**) Representative protein bands of p38, p-p38, p65, and p-p65 (**A**), and statistical comparison of gray values (**B, C**). When comparing between two groups, \*\*indicates *P* \< 0.01 and \*\*\*indicates *P* \< 0.001.

Discussion {#s0004}
==========

HIR is the strongest natural thrombin inhibitor found to date and thrombin has been found to play an important role in kidney disease and regulation of inflammation. Thrombin was found to induce kidney damage and inhibition of thrombin could protect kidney function. Madhusudhan et al thought that coagulation proteases participating in roles other than homeostasis and thrombosis contribute to kidney disease. Moreover, substances activated by thrombin may have an effect on the microvascular circulation of the kidney by modulating the biological function of endothelial cells;[@cit0021] Chen et al found that they could reduce renal damage caused by ischemia--reperfusion and improve renal function by inhibiting the activity of thrombin through nanoparticles specific to thrombin.[@cit0022] In this study, we found that HIR could alleviate renal injury markers such as kidney weight/body weight, serum creatinine, blood urea nitrogen, and protein in the urine, while also reducing renal pathological changes in DN rats. Therefore, this suggested that HIR could protect the renal function of DN rats. However, it is important to note that the effects of HIR appear to be only partially protective, as proteinuria is still high in diabetic, HIR-treated rats. This may be related to the dose of HIR, but this is unknown as we only used one dose of HIR. Therefore, in future studies, the dose-dependent effects of HIR should be studied.

On the other hand, inflammation is found to be critical in the development of thrombin-induced diseases. In recent years, the link between inflammation and thrombin has been proven. Here, the coagulation cascade is initiated after vascular injury, which promotes inflammation, and inflammation in turn accelerates the production of thrombin, which eventually leads to the occurrence of disease.[@cit0023]--[@cit0025] Simultaneously, DN is considered as a chronic inflammatory disease and is one of the most common microvascular complications of diabetes.[@cit0003] In the present study, our results showed that HIR could markedly reduce macrophage infiltration and pro-inflammatory cytokine expression in renal tissues of DN rats. Macrophage infiltration is an important pathological feature in the progression of DN whereby they mediate the renal inflammatory response in DN.[@cit0026] Renal biopsy of DM patients revealed that macrophage infiltration was present in DN patients and the aggregation of macrophages was positively correlated with serum creatinine, proteinuria levels, interstitial fibrosis, and glomerulosclerosis in DN patients.[@cit0027] In addition, the pro-inflammatory cytokine release in the kidney tissue of DN rats arises from two sources.[@cit0028],[@cit0029] One is the abnormal glucose and lipid metabolism, hemodynamic disorders, etc. in DN patients that can damage the kidney cells which release a variety of chemokines and pro-inflammatory factors. The other is secreted by inflammatory cells recruited by these chemokines and pro-inflammatory factors. Therefore, the inhibition of inflammation by HIR might help to protect against kidney damage in rats with DN.

Podocytes are highly differentiated cells and their special anatomical structures are the material basis of the glomerular filtration membrane, which can effectively prevent the loss of protein and macromolecular substances in the blood and maintain normal glomerular filtration function.[@cit0030],[@cit0031] Therefore, once the structural and functional integrity of podocytes is disrupted, proteinuria eventually occurs.[@cit0030],[@cit0031] In this study, we found that HIR could significantly reduce podocyte apoptosis in DN rats. Previous studies have found that high glucose can directly induce the apoptosis of podocytes.[@cit0032] In order to study the effects of HIR treatment on podocyte apoptosis, we established a high-glucose co-culture system of macrophages and podocytes. At first, we found that HG increased iNOS expression and decreased CD206 expression in macrophages. Macrophages can be polarized into M1 macrophages and M2 macrophages. M1 macrophages can promote inflammation by secreting pro-inflammatory factors (IL-1β, IL-6, IL-12, TNF-α), chemokines (MCP-1), and iNOS, while M2 macrophages exert anti-inflammatory effects by producing large amounts of anti-inflammatory IL-10 and inhibiting the secretion of pro-inflammatory factors IL-12, IL-1, and TNF-α.[@cit0033],[@cit0034] Our results showed that HG induced pro-inflammatory macrophage activation. More importantly, the number of macrophages was directly related to podocyte apoptosis in an HG environment and HIR could alleviate this. This suggested that HIR protected podocytes by suppressing inflammation, which may be related to the activation of M1 macrophages.

Emerging evidence from experimental and clinical studies indicated that the p38-MAPK and NF-kB pathway are involved in the development and progression of DN by regulating the secretion of inflammatory cytokines, namely, IL-1β, IL-6, and TNF-α.[@cit0004],[@cit0035] In our study, HIR was also found to suppress production of these pro-inflammatory cytokines in podocytes in vitro. Further investigation indicated that inhibition of p38-MAPK by SB203580 or NF-kB by BAY117085 could also cause pro-inflammatory cytokine production in podocytes in vitro. The inhibition of p38 or NF-kB alone by their inhibitors was not as effective as HIR at inhibiting cytokine production, but inhibition by both inhibitors simultaneously was equivalent to the inhibition observed with HIR. This suggested that HIR may inhibit podocyte inflammation via p38-MAPK and NF-kB signaling pathways. Notably, we confirmed this hypothesis and also found that HIR inhibited p-p38/p38 and p-p65/p65 expression in kidney tissues of DN rats.

Taken together, our results suggested that HIR could protect against podocyte apoptosis and inflammation induced by HG in a p38 MAPK/NF-κB-dependent manner, ultimately resulting in protection of kidney function in DN rats.
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